In the past two decades, new facilities for the utilization of waste tires have developed throughout the world. These installations apply thermal decomposition (pyrolysis) to waste tires. The method yields three basic products: flammable gas (up to 11 wt. %), liquid oil (i.e., a mixture of hydrocarbons resembling a natural crude oil -up to 50 wt. %), and a solid char (up to 46 wt. %) [5] . The first product may be used at the location of tire pyrolysis for the production of heat, steam, or electricity. The oil may serve as a fuel but may also be subjected to advanced chemical treatments, such as distillation, desulphurisation, and catalytic conversion [6] . The solid product of pyrolysis seem to be a type of ballast because its utilisation is the most complex. The high yield of the solid product (char) calls into question the entire concept of tire pyrolysis because the demand for the unconverted char is very limited. The most critical opinions state that tire pyrolysis converts one kind of waste into another. Thus, a reasonable (environmentally friendly and cost-effective) transformation of the char is a real and growing problem. Some utilization methods rely on the transformation of the char into typical carbon-based products: activated carbon (adsorbent) and carbon black (adsorbent and filler) [7] [8] [9] [10] [11] . The raw char has very unsatisfactory structural parameters of specific surface area, total pore volume, and pore structure. These properties must be upgraded before applying the char as an adsorbent and for this, several conventional activation methods have been applied (CO 2 activation, steam activation) [7] . However, there is almost nothing mentioned in the literature regarding the costs of such transformations. Furthermore, previously published reports do not consider the problem of the residual constituents of the tire rubber such as zinc oxide ZnO (an activator in the vulcanisation process).
The ZnO content in automobile tires ranges from 1 to 3 wt. %. Neither the volatilised nor the liquefied products of tire pyrolysis contain considerable amounts of zinc derivatives because ZnO is a relatively stable, inert, and non-volatile substance.
The aim of our study is to examine the zinc (and its derivatives) pathway from waste tire rubber to the solid product of tire pyrolysis, and to estimate the possibility of zinc recovery from the char.
Materials and Methods
Scrap tires were pyrolysed in an industrial installation for waste tire pyrolysis (EkoCeramika, Toruń, Poland). Such obtained char was investigated in this study. 41.222 g of delivered char was subjected to a heat treatment in argon at 1,000ºC in a tubular furnace for 3 h, while 35.611 g of char was combusted to ash in a tubular furnace at 900ºC in a stream of air (free access to oxygen). The ash after combustion was collected and weighed. The elemental composition of the char and the ash was performed using the SEM-EDS method with 0.25% accuracy as declared by the apparatus manufacturer (Scanning Electron Microscope LEO 1430 VP equipped with an EDS detector Quantax 200 XFlash 4010 Bruker). Final results on elemental contents gained by SEM-EDS were calculated as an average of five subsequent measurements (acquisition time 120 s). Additionally, certain amounts of the collected ash (Table 1) were subjected to leaching in water (200 cm 3 water, 24 h stirring, room temperature) and etching in 0.1M HCl solution (200 cm 3 water, 24 h stirring, room temperature).
Specific surface area and pore structure of the char were investigated by means of the low temperature nitrogen adsorption method (Micrometitics ASAP 2010 sorptomat). Primary nitrogen adsorption data were regressed using the BET method to obtain specific surface area of investigated char samples.
Results and Discussion
Firstly, we assumed that ZnO in pure form, or as another zinc derivative, should pass qualitatively to the solid product of pyrolysis, i.e., the char. If 100 kg of waste tire rubber is pyrolysed, the ZnO content is 1-2 wt. % (standard content) and the average char yield is 40% to 50% (of the tire mass). Therefore, the ZnO content in the char should approach 2-5 wt. % (pure zinc content ca. is even better than the theoretical estimation presented above, i.e., 1.6-4.0 wt. %. As post-pyrolytic chars are often seen as the precursor for activated carbon fabrication, we performed experiments involving the heating of the char (inert gas atmosphere) to simulate the conditions required by some activation procedures [7] . Table 2 presents the weight content of some elements in the post-pyrolytic char heattreated at 1000°C for 3 h. It can also be seen that a single heat treatment does not improve by much the structural parameters of the heat-treated char. We observed that the BET surface area increased very little upon heat treatment from 43 to 60 m 2 /g. However, the heat treatment changed the elemental composition of the char. The content of carbon increased (72.9% → 80.4 wt. %) while the content of oxygen decreased (16.1 wt. % → 13.6 wt. %). This is understandable because pyrolytic chars usually contain plenty of carbon-oxygen species whose thermal stability is limited to 900-1000ºC.
Upon heat treatment, the species decomposed. It was also found that the weight content of zinc decreased from 4.7% to 0.8 wt. %. As expected, the value in the postpyrolysis char was definitely higher (4.7% of zinc) than the average content in the automobile tires (1% to 2% ZnO). The decrease of zinc content due to the heat treatment at elevated temperatures (1000ºC in argon) is caused by the well-known reduction of zinc ions in the non-oxidative atmosphere and the presence of a carbon matrix:
ZnO + C matrix → Znº + CO ZnO + CO → Znº + CO 2 At a temperature of 1000ºC, vaporisation of zinc is very intense because the melting point of the metal is 907ºC. The high volatility of zinc is exploited practically in the industrial production of metallic zinc, where zinc ore (containing ZnO) is heated in the presence of coke, and metallic zinc evolves as a vapour. We compared our results to another study presented in the literature [10] [11] [12] [13] , which confirmed the high zinc content in the bare postpyrolysis char from tires (4.2 wt. %). In that case, the char was activated by heat treatment at a lower temperature of 900°C (in argon) and the zinc reduction and volatilisation was less intense than at 1000°C (our research). In the cited study, zinc and its derivatives were removed effectively by etching the activated (heat-treated) and non-activated (bare) post-pyrolytic chars in acids (HCl and H 2 SO 4 ) . The removal of zinc by the HCl treatment was almost complete (from 4.2% → 0.6 wt. % for the bare char), whereas for the H 2 SO 4 treatment, the removal was less complete (from 4.2% → 2.9 wt. % for the bare char). The effect is understandable because the action of the HCl transforms zinc derivatives into a soluble salt ZnCl 2 (in water). The action of the H 2 SO 4 led to the formation of much less soluble ZnSO 4 . A similar effect was observed in the case of calcium derivatives in the char; HCl removed calcium totally (CaCl 2 is water soluble), whereas the action of H 2 SO 4 was only moderately effective (CaSO 4 is nonsoluble in water). Thus, a transformation of post-pyrolysis char into an active carbon is very often connected with the emission of zinc, either as metal vapours and/or the transfer of zinc into the etching liquids, such as HCl and H 2 SO 4 . Table 2 proves that the sulphur content in the investigated char is low. Additionally, our XRD investigations did not reveal the presence of ZnS in the char, as found in other studies [11] [12] [13] . High content of sulphur (also as ZnS) could considerably limit the utilization of such a sulphur-rich char by combustion. However, the quoted study applied a microwave-based decomposition of tires, whose mechanism should be considered substantially different from the traditional pyrolysis applied in this study.
We tried to verify what might happen if the char produced in the process of waste tire pyrolysis was treated as fuel. A weighed amount of char (35.611 g) was placed in a tubular furnace. A temperature of 900ºC was maintained for 1 h and free access of air was provided to create oxidative conditions. The ash (3.709 g) was cooled, weighed, and analysed using the SEM-EDS method to determine its elemental composition (Tables 1-3 ). The ash consisted mainly of zinc (42.0 wt. %) and oxygen (25.3 wt. %). The values obtained permitted a calculation of the effectiveness of the zinc transfer from char to ash. The amount of burned char (35.6 g) contained 4.6 wt. % elemental zinc, which is equal to 1.638 g (calculated value). The amount of collected ash (3.7 g) contained 42 wt. % elemental zinc, which is equal to 1.554 g (calculated value). Thus, the effectiveness of the zinc transfer from char to ash during burning can be calculated as follows: 1.554/1.638 × 100% = 94.9%. The losses (i.e., emissions to the environment) were minor. The previously described evaporation of metallic zinc (Table 1 ) occurred in oxygen-free conditions, in which zinc derivatives were reduced to metallic zinc and evaporated from the heattreated char. In the case of char combustion, the oxidative conditions prevented the reduction of zinc, retaining it in non-volatile forms. Therefore, the transfer of zinc to ash was almost complete. This means that the ash obtained from post-pyrolytic char is a zinc concentrate, which potentially can be applied in a metallurgical processes leading to metallic zinc fabrication. As mentioned, the collected ash is a potential source of zinc for metallurgical conversion, but it is also a source of environmental pollution. The latter situation may involve the release of zinc ions to a solution of differentiated pH. A release of zinc ions to the environment was simulated by treating the ash with water (leaching with an excess of distilled water at room temperature with temporary stirring for 24 h) and subsequently treating it with diluted mineral acid (etching with an excess of 0.1M HCl solution at room temperature with temporary stirring for 24 h). Each action led to a substantial release of zinc (Table 1) . In summary, both actions (leaching and etching) reduced the zinc content in the water/acid-treated ash spectacularly and delivered zinc ions in considerable quantities to the environment, even through contact with water. Therefore, the ash originating from waste tire char has to be collected in case the char is burned. The burning of such chars may occur in two situations:
• As a method for the utilisation of activated carbon (used as an adsorbent) received from raw postpyrolytic chars by a suitable activation method.
• As a method for the utilisation of raw post-pyrolytic chars obtained directly from tire pyrolysis without any additional activation. The latter situation is a real alternative to any transformation of char to active carbon, because the entire concept of active carbon production from waste tires seems to be controversial. There are a number of reasons for this:
• The complexity of the known transformation methods and expected high costs.
• The proven partial reduction and evaporation of zinc during high-temperature treatment, which is usually required by activation procedures.
• High zinc content in activated carbon obtained from post-pyrolytic char. Such activated carbon has to be utilised with care regarding the release of zinc to the environment, and thus leaching/etching should be prevented. Table 3 presents the results of the elemental composition of bare ash and the ash leached with water and etched in 0.1 M HCl. Upon leaching and etching, the ash contained reduced quantities of zinc, alkaline metals, alkaline earth metals, and sulphur. Thus zinc in the ash from post-pyrolytic chars was present mostly in water/acid soluble forms. Alkaline and alkaline metal derivatives are in most water/acid soluble species; therefore, their content decreased following the treatments. In contrast, aluminium, silicon, and iron were present in the ash in water/acid nonsoluble forms. Therefore, their content increased in the leached/etched ash following the removal of the soluble components. X-ray diffraction investigations revealed that following the leaching/etching, the ash contained nonsoluble species, such as SiO 2 , Al 2 O 3 , and non-soluble zinc derivatives (the treated ash still contained ca. 14 wt. % of zinc).
The overall pyrolysis process, including a separate burning of char, will deliver two conventional products (pyrolytic gas to be burned on spot, pyrolytic oil for further chemical or energetic usage) and two new products (heat and/or electric energy from the burning of pyrolytic char and zinc concentrate for the metallurgical industry). Moreover, the modified process is finally free from an embarrassing by-product, i.e., pyrolytic char. Direction of changes ? ▲ ▲ ▲ ▼ ▼ ▼ ▲ ▼ ▼ Table 3 . Elemental composition of ash. Zinc Regarding the Utilization...
Conclusion
The new finding of this study is to apply raw postpyrolytic chars as a highly energetic fuel (heat of combustion ca. 35 MJ/kg) for the production of heat and/or electrical energy, which is more reasonable than converting them into activated carbon. Such chars should be burned separately with an excess of oxygen in heat/ electricity generators, but the resulting ash must be collected. This ash, because of the very high zinc content, may serve as a raw material for metallurgical conversion to metallic zinc. The presented concept could lead to the annual recovery of thousands of tons of zinc and/or its derivatives and eliminate them from the environment. The presented concept is up-to-date the sole scenario leading to the elimination of zinc from waste tire utilization by pyrolysis and preventing its further environmental circulation.
